The length distributions of single fibrils of Coalinga, UICC-B and wet dispersed chrysotile were measured by transmission electron microscopy (TEM). It was found that the distributions significantly diverged above approximately 10 μm (μm) in length, corresponding to differences in published results of animal experiments. This result is in contrast to published data in which counting of an insufficient number of fibers resulted in an erroneous conclusion that the length distribution of Coalinga chrysotile fibrils was indistinguishable from those of other sources of chrysotile.
Introduction
Size distributions of elongate mineral particles (EMPs) or fibers are approximately logarithmic normal, which means that there are many more small particles or fibers than large ones. More than 30 years ago, when transmission electron microscope (TEM) methods for determination of asbestos in air and water were being developed, it was found that in the TEM, detection of asbestos fibers shorter than 0.5 μm was unreliable (Steel and Small, 1985; Chatfield, 2000) . For this technical and not health-based reason, 0.5 μm was established in both the International Organization for Standardization (ISO) (ISO, 1995 , ISO, 1999 and the American Society for Testing and Materials (ASTM) (ASTM, 2009) TEM methods for determination of asbestos fibers in air as the shortest fiber to be recorded. Asbestos analytical methods usually specify "stopping rules" of approximately 100 fibers. When counts of 100-200 fibers include all fibers 0.5 μm and longer, it is often found that, when the count is extended, the longest fibers in the size distribution, that are considered to be the most biologically significant, had not been detected or their numbers were statistically limited.
The question has arisen as to what size range of EMPs should be measured from the perspective of potential carcinogenic response. Although a significant body of experimental work exists that implicates only long and thin EMPs in the development of tumors in animals, concerns have been expressed that EMPs shorter than or equal to 5 μm could play a role in causation, because of the larger numbers of these in any population of EMPs and also their ability to migrate in tissue (Aust et al., 2011) . Accordingly, some have advocated that in future studies, counts of EMPs should include all EMPs down to the lowest measurable limit (Egilman and Tran, 2016; Aust et al., 2011) . Others consider expenditure of effort on measurement of EMPs shorter than or equal to 5 μm to be a waste of research funds and to have the potential to compromise reliable determination of longer EMPs (Roggli, 2015) .
Size distributions of the materials used in past animal studies were often not fully characterized, and frequently dosimetry was expressed only in terms of weight. However, materials remaining from some of the previous studies are still available, and measurement of accurate size distributions has been shown to assist in resolving the issue of EMP size and carcinogenic response (Chatfield, 2010) . Occupational and environmental situations at Libby, MT, Sparta, NJ and the Homestake mine, Lead, SD have been studied extensively. Further TEM examinations of the minerals found at these locations have been carried out and these data provide information on the EMP size ranges that relate to the observed health effects. It is possible that more complete characterization of the minerals found in these situations, and also those tested in former animal studies, will allow determination of the particle size parameters important in disease causation.
Materials and methods

Measurements on aqueous suspensions of chrysotile
Size distributions of chrysotile single fibrils from three sources were measured by transmission electron microscopy. The material sources were Calidria® chrysotile from Coalinga, CA, UICC-B Canadian chrysotile (Timbrell and Rendall, 1972) , and wet dispersed chrysotile (WDC) (Heron and Huggett, 1971; Davis et al., 1986) . The method of analysis for the aqueous suspensions of these materials was EPA-600/4-83-043 (U.S. EPA, 1983) .
Over the past 30 years, there was a periodic requirement for stable reference suspensions of chrysotile to be used for quality assurance testing of laboratories conducting analyses of potable water for asbestos. Coalinga chrysotile was ideal for production of these reference suspensions, because the fiber size distribution was similar to that observed in most water samples. These suspensions were manufactured according to a method developed by Chatfield et al. (1983) . In order to fully characterize these reference chrysotile suspensions, a considerable amount of fiber counting was performed. Because the U.S. EPA National Primary Drinking Water Regulations (NPDWR) (U.S. Environmental Protection Agency, 1995) specify a Maximum Contaminant Level Goal (MCLG) in terms of fibers longer than 10 μm (7 million fibers > 10 μm per liter), many of the measurements made to characterize the size distributions were specifically aimed at determination of the concentrations of fibers longer than 10 μm, which typically represent only about 1% of the total fiber population. By use of the analytical parameters for each sample, it was possible to combine all of the fiber measurement data available for Coalinga chrysotile into one size distribution. Similar, although more limited, measurements were also made for UICC-B Canadian chrysotile and wet dispersed chrysotile (Davis et al., 1986) .
Measurements on crushed amphibole
Measurements of the size distributions of EMPs in the respirable size fraction of crushed amphibole-containing materials were made by the following procedure. A known weight of the amphibole-containing material is crushed in an agate mortar and pestle. The respirable size fraction of particles and EMPs is separated from the crushed material by the fractional extraction method (Herdan, 1960) . In this method, the crushed material is placed in a sedimentation tube and dispersed in filtered, distilled water. The suspension of particles is allowed to stand for a period equal to the time taken for the maximum size of respirable particle to fall from the surface of the liquid to the base of the sedimentation tube. The settling time for tremolite is calculated according to Stokes' law for a spherical particle of density 3.0 g/cc with a diameter of 5.774 μm, which is the aerodynamic diameter equivalent to a unit density particle of diameter 10 μm. For a liquid depth of 11.5 cm in the sedimentation tube, the calculated sedimentation time is 53.06 min. The material still in suspension is then transferred to a beaker. The sediment is dispersed again in water, and allowed to settle for an additional same period of time. The material still in suspension is added to the first suspension in the beaker. This process is repeated a total of 6 times, after which substantially all of the respirable fraction of particles has been accumulated in the beaker. The suspension in the beaker is homogenized, and TEM specimens are prepared by the techniques of ISO 13794 (1999) . The weight of the respirable fraction of particles is obtained by filtration of the balance of the suspension on to a preweighed filter. The dimensions of approximately 200 EMPs longer than 5 μm are measured by TEM examination, and the results are expressed as EMPs/g of respirable particle mass.
In the earlier work by Chatfield (2010) , a reference size distribution for the respirable fraction of crushed non-asbestiform amphibole was developed based on analyses of 4 prismatic amphiboles. Two of these were actinolite, one was riebeckite and one was grunerite. When the size distributions of the EMPs in the respirable size range for these four samples were examined, they were so similar that it was decided to combine them into one distribution, to represent the dimensional range of the respirable fraction of non-asbestiform amphibole EMPs.
The same analytical procedure was applied to obtaining the size distributions of the six tremolite samples of different morphologies, used by Davis et al. (1991) in animal studies to measure variations in carcinogenicity. These tremolite samples came from Shinness, Scotland; Carr Brae, Scotland; Ala di Stura, Italy; Swansea, Wales; Jamestown, California, U.S.A; and Korea. The results of the TEM measurements on these tremolite samples were compared with the mesothelioma frequencies observed during the prior animal studies (Davis et al., 1991) .
In the work reported here, samples of the amphibole minerals from the vermiculite mine at Libby, MT (mainly richterite-winchite with other sodic-calcic amphiboles, including tremolite and magnesio-riebeckite (Meeker et al., 2003) ), the marble quarry at Sparta, NJ (tremolite), and the former Homestake gold mine at Lead, SD (grunerite) were analyzed by the same protocol that was applied to the Davis et al. (1991) tremolite samples.
Results and discussion
Measurements on aqueous suspensions of chrysotile
Fiber measurement data generated from the TEM examinations of Coalinga chrysotile were combined. Fig. 1 shows the combined length distribution of single Coalinga chrysotile fibrils measured by TEM, compared with early measurements of the fiber length distributions of Coalinga chrysotile made by the U.S. Bureau of Mines (Campbell et al., 1980) , by phase contrast optical microscopy (PCM), scanning electron microscopy (SEM) and TEM, and also TEM measurements made by Langer et al. (1978) . Fig. 1 illustrates the importance of selecting the appropriate type of microscope for the measurement of fiber size distributions. Use of each of the three instruments is clearly resulting in measurement of different portions of the population. The median length of the size distribution is reported as approximately 10 μm by optical microscopy, approximately 5.3 μm by SEM, and 1.0 to 1.3 μm by TEM. The different values for the median length reflect the different minimum fiber length counted by each method, and the differences in instrumental resolution. The TEM measurements made by the three laboratories are in close agreement, after the historical data were adjusted to be consistent with more modern data by excluding any fibers shorter than 0.5 μm. Fig. 2 shows the distributions of single fibrils of Coalinga chrysotile, UICC-B Canadian chrysotile and wet dispersed chrysotile (WDC), measured by TEM. All samples were dispersed ultrasonically in filtered distilled water with the pH adjusted to the optimum dispersal value of between 3 and 4. Under these conditions, most of the fibers are single fibrils. Each of these distributions was obtained by combining multiple counts from a number of samples, excluding any fiber bundles that were observed. Fibril widths were not measured accurately. In order to obtain a complete size distribution that has statistically-reliable numbers of fibrils longer than 5 μm, it is necessary to perform two counts: one for fibrils 0.5 μm or longer and one for fibrils either longer than 5 μm or for fibrils longer than 10 μm. The two counts are then mathematically combined into one distribution. The calculated length distribution for Coalinga chrysotile corresponds to a total of 52,226 fibrils. No single fibrils longer than approximately 30.2 μm were detected in any of the counts for Coalinga chrysotile. Although the length distributions for UICC-B and Davis WDC chrysotile are based on fewer numbers, fibrils longer than 30.2 μm were detected in these two chrysotile samples. If the proportion of fibrils at each length increment in the cumulative length distributions for UICC-B and Davis WDC chrysotile are divided by the corresponding proportion of fibrils in Coalinga chrysotile, the point at which the length distributions of UICC-B and Davis WDC chrysotile diverge from that of Coalinga chrysotile can be visualized. Fig. 3 shows that the fibril length distributions of UICC-B and Davis WDC chrysotile begin to diverge from that of Coalinga chrysotile at lengths exceeding 5 μm, and significant divergence occurs only for lengths exceeding approximately 10 μm.
Summary -chrysotile
Two conclusions can be drawn from Figs. 2 and 3: (a) because fibrils longer than 10 μm constitute only approximately 1% of the total fibrils counted in the distributions and the length distributions diverge significantly only above 10 μm, TEM measurements of a few hundred fibrils in each distribution will likely not include many long fibrils. This will result in an erroneous conclusion that the three varieties of chrysotile have fibril length distributions that are indistinguishable from each other. Nolan et al. (1994) reached such an erroneous conclusion, stating that "reference specimen iii" (Coalinga), "often referred to as a naturally occurring short fiber, had a fiber length distribution indistinguishable from the other reference specimens." (b) the literature shows that the health effects of the three types of chrysotile are very different. In published results of animal inhalation experiments, Coalinga chrysotile was found to produce no tumors (Muhle et al., 1987) , whereas UICC-B and Davis WDC chrysotile produced tumors (Wagner et al., 1974; Wagner et al., 1984; McConnell et al., 1984; Davis et al., 1986) . It would be logical to conclude that the differences in biological behavior between the three sources of chrysotile correspond to the differences in the fibril length distributions that can be observed when sufficient numbers of fibers are counted. If that conclusion is accepted, the corollary is that the fibrils shorter than approximately 10 μm, for which the length distributions of all three sources of chrysotile are similar, must either be not implicated, or only minimally implicated in the observed differences in biological effects. These data also call into question the utility of any expenditure of effort on measurement of chrysotile fibers shorter than or equal to 5 μm in future studies.
Measurements on crushed amphibole
Various studies have shown that the health effects of asbestos fibers are related to the longer and thinner fibers (Stanton and Layard, 1978; Stanton et al., 1981; Berman et al., 1995; Berman and Crump, 1999 , 2001 . Animal studies, in vitro studies and situations in which human exposure has occurred show that non-asbestiform amphibole particles do not present the hazards associated with asbestos exposure (Ilgren, 2004; Addison and McConnell, 2008; Mossman, 2008; Guthrie and Mossman, 1993) . Accordingly, considerable attention has been given to the definition of asbestos (Case et al., 2011) , association of crystal habit with biological response (Nolan et al., 1991) , and characterization of the size distributions of the asbestiform and nonasbestiform analogs of the regulated asbestos minerals (Campbell et al., 1977; Campbell et al., 1979a; Campbell et al., 1979b; Campbell et al., 1980; Wylie, 1979; Siegrist Jr. and Wylie, 1980) . Attempts have also been made to classify individual fibers as either asbestiform or nonasbestiform (Van Orden, 2006) . Meeker et al. (2003) concluded that a continuum of morphology existed for some amphiboles. Although this may appear grossly to be the case, on a micro-scale prismatic, acicular and needle-like morphologies arise from cleavage whereas asbestiform fibers arise from a growth mechanism. In the U.S.A., the Occupational Safety and Health Administration (OSHA, 1992) determined that there was insufficient evidence of adverse health effects from exposure to non-asbestiform amphiboles to justify regulation. Accordingly, OSHA does not regulate non-asbestiform amphiboles, although some feel very strongly that any elongate mineral particles represent a biological hazard. The OSHA regulation mentions only non-asbestiform tremolite, actinolite and anthophyllite, but epidemiological studies on individuals exposed to non-asbestiform grunerite in a gold mine (McDonald et al., 1978; Brown et al., 1986) were part of the evidence considered in the decision to not regulate non-asbestiform amphiboles. Later work (Steenland and Brown, 1995; Gamble and Gibbs, 2008) provided additional evidence that non-asbestiform grunerite fibers in the gold mine did not produce mesothelioma nor result in a marked excess of lung tumors.
With respect to non-asbestiform amphiboles, Case (1991a) has stated that "there is no evidence that potentially affected cells can distinguish between "asbestiform" and "non-asbestiform" fibres having equivalent dimensions". The same position had been adopted by the American Thoracic Society (1990), and was further elaborated by Case (1991b) . The American Thoracic Society further stated: "The primary issue is not so much what is or is not an asbestos fiber in mineralogic terms; rather, it is which particle dimensions are carcinogenic and which are not." If the above statements by Case (1991a) and the American Thoracic Society (1990) are accepted, an elongate particle of amphibole that originates from amphibole asbestos and an elongate particle of equivalent dimensions that originates from a non-asbestiform amphibole should be considered to have the same biological effect. Regardless of the morphology of the amphibole from which it originates, if the elongate particle has dimensions within the range exhibited by non-asbestiform amphibole, its biological effect should be negligible.
The interpretation of EMP size distributions in this paper is based on the protocol developed by Chatfield, presented at the Michael E. Beard Asbestos Conference in 2010. By use of selected crystals of four prismatic amphiboles, a reference size distribution for the respirable fraction of crushed non-asbestiform amphibole was developed. Fig. 4 shows this reference non-asbestiform amphibole size distribution, which illustrates the upper bounds of aspect ratio for EMPs in the respirable fraction of crushed non-asbestiform amphibole. For non-asbestiform amphibole particles longer than 5 μm and thinner than 1.5 μm, these upper bounds are: In Fig. 4 , the yellow shaded area delineates the dimensional parameters usually associated with asbestos fibers when measured by TEM. The horizontal range of the yellow area extends from the minimum EMP width of approximately 0.04 μm measured at the counting magnification of approximately 10,000 up to a maximum width of 1.5 μm. This range of width was selected to include all EMP widths found by Stanton and Layard (1978) to produce tumors in intraperitoneal injection experiments. Another consideration was how to treat EMPs that had the appearance of a fiber bundle. It was decided that any EMP that appeared to be a fiber bundle would be treated as an EMP with half of the observed width. On the assumption that the biological activity of a fiber bundle of up to 3.0 μm width could be more related to the width of the constituent fibrils than to the bundle width, this ensured that fiber bundles between 1.5 μm and 3.0 μm would be included. The 20:1 aspect ratio represented by the lowest level of the yellow area was initially considered as a reasonable delineation above which there was reasonable confidence that an EMP was an asbestos fiber. After examination of the TEM data derived from the known non-asbestiform amphibole samples, it became clear that the upper limits of aspect ratio for EMPs in the respirable fraction of crushed non-asbestiform amphibole sometimes exceeded 20:1 and also systematically varied with the EMP length. Accordingly, it was decided to use the three length categories above, and to define a critical aspect ratio for each. The red and green horizontal lines in Fig. 4 represent the upper limits of aspect ratio respectively for length categories (a) and (b) as described above. Particles in category (c) do not occur within the yellow shaded area. Any EMPs that exceed the above aspect ratio criteria are outside of the range observed for non-asbestiform amphibole, and are referred to as "extracriteria EMPs". The majority of the extra-criteria EMPs are probably from the asbestiform growth habit, because the flexibility and parting behavior of such EMPs allows high aspect ratio particles to survive the crushing procedure. EMPs that do not exceed these aspect ratio criteria are referred to as "sub-criteria EMPs". The extra-criteria EMPs should be considered of possible health significance.
When the aspect ratio distribution of EMPs in the respirable size Fig. 4 . Composite aspect ratio vs. particle width distribution derived from four non-asbestiform amphiboles.
range, that originate from an acknowledged amphibole asbestos, is examined, it is found that the size distribution is usually dominated by EMPs with dimensions that are within the range for non-asbestiform amphibole (sub-criteria EMPs). Fig. 5 shows a photograph of Jamestown tremolite asbestos and the aspect ratio distribution vs. EMP width distribution for the respirable fraction of this tremolite, which was demonstrated by Davis et al. (1991) to produce mesotheliomas in 100% of the animals. More than 66% of the EMPs in this distribution have dimensions within the range exhibited by non-asbestiform amphibole. Fig. 6 shows the extra-criteria EMPs in this distribution separated from the sub-criteria EMPs. Fig. 7 shows a photograph of Ala di Stura tremolite and the aspect ratio vs. EMP width distribution of this tremolite, Fig. 5 . Photograph (left) and aspect ratio vs. particle width distribution (right) for Jamestown tremolite. . Photograph (left) and aspect ratio vs. particle width distribution (right) for Ala di Stura tremolite.
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which was demonstrated by Davis et al. (1991) to produce mesotheliomas in 66.7% of the animals. More than 92% of the EMPs in this distribution have aspect ratios within the dimensional range of nonasbestiform amphibole. For the six Davis et al. (1991) tremolite samples of variable morphology, Chatfield (2010) found that if the EMPs that lie within the size range for non-asbestiform amphibole (sub-criteria EMPs) are excluded from the measurements, the concentrations of the higher aspect ratio EMPs that remain (extra-criteria EMPs) exhibit a good correlation with the mesothelioma frequencies observed by Davis et al. (1991) . This relationship is shown in Fig. 8 . In Fig. 8 , the particle concentrations on the horizontal axis correspond to the number of extra-criteria EMPs in 10 mg of respirable mass, which is the fixed mass dose that was implanted into each of the animals in the Davis et al. (1991) experiments. This relationship would be expected to be sigmoid in nature, and it extends from the low mesothelioma frequencies for the Shinness tremolite to the maximum mesothelioma frequencies observed for the Swansea, Jamestown and Korea tremolites. The differences between the Swansea, Jamestown and Korea tremolites can be interpreted as corresponding to various levels of over-dosage, each of which elicited the maximum mesothelioma frequencies of 97% to 100%. The Korea tremolite, in particular, was reported by Davis et al. (1985) to be particularly dangerous. The over-dosage issue for the three asbestiform tremolite samples (Swansea, Jamestown and Korea) was discussed by Davis et al. (1991) . Fig. 9 shows the observed mesothelioma frequencies as a function of the numbers of sub-criteria EMPs in the 10 mg dose of respirable particles. It can be seen that the number of sub-criteria EMPs implanted into each animal was essentially constant at approximately 4 × 10 7 EMPs for the Shinness, Carr Brae and Ala di Stura tremolites, and that this constant numerical EMP dose yielded mesothelioma frequencies that ranged from 5.6% for the Shinness tremolite up to 66.7% for the Ala di Stura tremolite. This result suggests that EMPs of subcriteria dimensions have either minimal or no impact on the mesothelioma frequency. As is the case for the extra-criteria EMPs, the results for the Swansea, Jamestown and Korea tremolites are affected by various levels of over-dosage. The Davis et al. study was designed to determine how the carcinogenicity of tremolite varies with the mineral morphology, ranging from non-asbestiform (Shinness and Carr Brae) to the asbestiform Korean tremolite. With this limited objective, no control series was included, and a fixed mass dose of 10 mg was used. This limits the degree of interpretation that can be achieved, in that the study includes no data for injection of an inert substance and, for the asbestiform tremolites, injection of 10 mg represented a variable level of over-dose i.e. more EMPs than were needed to produce 100% mesotheliomas. Further interpretation would require a series of dose-response studies in which the mass dose is varied.
The analyses of the amphiboles involved at Libby, Sparta and Homestake were undertaken in order to investigate whether the protocol described above could be used to predict whether the morphological nature of each of these amphiboles was likely to pose a mesothelioma risk. The epidemiology of workers at the Libby vermiculite mine and residents in Libby has been studied extensively, and mesothelioma has been reported in both workers and residents (McDonald et al., 1986; Whitehouse et al., 2008; Antao et al., 2012; Dunning et al., 2012) . The New Jersey Department of Environmental Protection (2002) (NJDEP) conducted a study of emissions from the marble quarry at Sparta, NJ, and it was concluded that the 70 year lifetime cancer risks to residents close to the quarry were within the NJDEP acceptable criteria of 2 × 10 −6 to 3 × 10 −5
. Exposures and the epidemiology of workers at the Homestake mine in Lead, SD have been reported (McDonald et al., 1978; Brown et al., 1986; Steenland and Brown, 1995) . No mesothelioma was reported, but the latest study in 1995 reported some elevation of lung cancer, although a positive exposure/ response trend was not found. It has been suggested that the elevation of lung cancer could be due to the presence of radon daughters in the mine (Cooper, 1978) . These three documented situations provide one example of an amphibole that presents a mesothelioma risk (Libby) and two examples of amphiboles that present negligible mesothelioma risk (Sparta and Homestake). Fig. 10 shows a photograph of the richterite-winchite from the Libby vermiculite mine (left), and the aspect ratio vs. EMP particle width distribution for the respirable fraction (right). This sample was issued by the National Voluntary Laboratory Accreditation Program (NVLAP) in 2001 as a proficiency test sample (M12001, Sample #4). It can be seen in the aspect ratio distribution that a substantial proportion of the particles lie outside of the range exhibited by non-asbestiform amphibole. This is consistent with the fact that the epidemiological studies conducted on the Libby workers and residents have shown a mesothelioma risk and other pulmonary diseases. Fig. 11 shows a photograph of the tremolite from the Sparta marble quarry (left), and the aspect ratio vs. EMP width distribution for the respirable fraction (right). This tremolite is clearly prismatic, but when crushed, it gave rise to one particle out of the 202 counted that was outside of the size range exhibited by non-asbestiform amphibole. Fig. 12 shows a photograph of the grunerite manually picked out of a sample of rock from the Homestake gold mine (left), and the aspect ratio vs. EMP width distribution for the respirable fraction (right). Although the grunerite in the photograph appears fibrous, the aspect ratio vs. EMP width distribution contains only one particle out of the 210 particles counted that is outside of the size range of non-asbestiform Fig. 8 . Relationship of mesothelioma frequency with number of extra-criteria EMPs (Chatfield, 2010) . Fig. 9 . Relationship of mesothelioma frequency with number of sub-criteria EMPs.
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Toxicology and Applied Pharmacology 361 (2018) 36-46 amphibole. The relationship shown in Fig. 8 is the basis for interpretation of new data obtained by TEM analyses of amphibole minerals from Libby, MT, Sparta, N.J. and the Homestake mine, Lead, SD. The concentrations of particles outside of the range of non-asbestiform amphibole (extra-criteria EMPs) in 10 mg of respirable dust were calculated for the Libby, Sparta and Homestake sample analyses. For the Libby richterite-winchite, the concentration was 1.161 × 10 8 respirable extra-criteria EMPs/10 mg of respirable dust. For the tremolite from Sparta, the concentration was 2.258 × 10 5 respirable extra-criteria EMPs"/10 mg of respirable dust. For the grunerite from the Homestake gold mine, the concentration was 2.014 × 10 5 respirable extra-criteria EMPs/10 mg of respirable dust. These results can be plotted on the curve derived from the Davis et al. (1991) animal experiments (Fig. 8 ). Fig. 13 shows the tumor frequencies that would be predicted for the Libby, Sparta and Homestake amphiboles on the basis of the Davis et al. (1991) animal experiments and the later analytical work on the tremolite samples used by Davis et al. It can be seen that, without the requirement to use any criteria to discriminate between cleavage fragments and asbestos fibers, the analytical protocol accurately predicts whether there is likely to be a mesothelioma risk from the amphiboles that were handled at each of the three locations. The Libby richterite-winchite is predicted to be a somewhat higher risk than that presented by the Jamestown tremolite, and both the Homestake grunerite and the Sparta tremolite are predicted to pose the same order of mesothelioma risk as the tremolite samples from Shinness and Carr Brae. Davis et al. (1991) stated that, on the basis of the animal data obtained by the intraperitoneal test, acknowledged by Pott et al. (1989) to be the most sensitive method for studying the carcinogenic activity of fibers, neither the Shinness nor the Carr Brae tremolites should present a mesothelioma risk to humans by inhalation. The TEM measurements of the size distributions of the tremolite samples from the Davis et al. (1991) have been compared with the asbestos exposure indices proposed by Lippmann (1988) . Although the Davis et al. (1991) experiments did not address lung cancer, comparison of the EMP size distributions for the six tremolite samples with the Lippmann (1988) asbestos exposure indices for both mesothelioma and lung cancer provides some useful information. In Table 1 , the numbers of extra-criteria EMPs and the numbers of EMPs that meet the Lippmann (1988) criteria for mesothelioma and lung cancer are compared with the mesothelioma frequencies observed by Davis et al. (1991) . No EMPs that meet the Lippmann criteria for mesothelioma were detected in the analyses of the Shinness, Carr Brae, Ala di Stura and Swansea tremolites, whereas the observed mesothelioma frequencies ranged from 5.6% for the Shinness tremolite up to 97.2% for the Swansea tremolite. It must be concluded, therefore, that the observed mesothelioma frequencies in the Davis et al. (1991) animal Fig. 10 . Photograph (left) and aspect ratio vs. particle width distribution (right) for richterite-winchite. from Libby, MT. Fig. 11 . Photograph (left) and aspect ratio vs. particle width distribution (right) for tremolite. from the Sparta, NJ marble quarry. studies are not reasonably predicted by the Lippmann criteria. When the Lippmann dimensional criteria for lung cancer were applied to the measured tremolite size distributions, it was found that the number of "lung cancer" EMPs ranged from 25 to 65 of the approximately 200 EMPs recorded for each of the tremolites. In particular, the numbers of "lung cancer" EMPs for the Shinness and Carr Brae samples are comparable with the numbers for the Ala di Stura and Korea samples, which could lead to a conclusion that there is a lung cancer risk from exposure to non-asbestiform amphiboles. With the exception of the Korea tremolite, a large proportion of the Lippmann "lung cancer" EMPs in these distributions have dimensions within the range of non-asbestiform amphibole, and these should have negligible biological effects. If these sub-criteria EMPs are excluded from the Lippmann "lung cancer" EMPs, a more consistent pattern emerges, in which the non-asbestiform Shinness and Carr Brae tremolites exhibit no "lung cancer" EMPs, and positive numbers of EMPs remain for the Ala di Stura, Swansea, Jamestown and Korea tremolites. This adjustment of the Lippmann "lung cancer" EMPs to exclude the sub-criteria EMPs also results in a pattern more consistent with the known situations in Libby, Sparta and Homestake. Clearly, more research is required in this area to resolve the discrepancies between the current work and the Lippmann asbestos exposure indices.
Whether respirable amphibole particles shorter than or equal to 5 μm present any carcinogenic risk continues to be controversial Fig. 12 . Photograph (left) and aspect ratio vs. particle width distribution (right) for grunerite from the Homestake gold mine. Fig. 13 . Predicted mesothelioma frequencies for measurements on amphiboles from the Libby mine, the Sparta marble quarry and the Homestake mine (green), compared with the Davis et al. (1991) study (red) . (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.) Table 1 Comparison of results from the current study with asbestos exposure indices proposed by Lippmann (1988 (Roggli, 2015; Egilman and Tran, 2016) . The Davis et al. (1991) study provides an opportunity to add to the available evidence on this question. The TEM specimens prepared in the Chatfield study from the 6 tremolite samples that were used in the Davis et al. (1991) animal experiments were re-examined to determine the concentrations and size distributions of EMPs shorter than or equal to 5 μm. The lengths and widths of approximately 200 EMPs shorter than or equal to 5 μm were measured for each of the Davis et al. (1991) tremolite samples. Fig. 14 shows the length distributions of EMPs shorter than or equal to 5 μm for each of the six Davis et al. (1991) tremolite samples. The median lengths for the Shinness, Carr Brae, Ala di Stura, Swansea and Jamestown tremolite samples are very similar, and all lie between approximately 0.9 μm and 1.15 μm. The median length for the Korea tremolite is somewhat higher at approximately 1.45 μm. Fig. 15 shows the aspect ratio distributions of EMPs shorter than or equal to 5 μm for each of the six Davis et al. (1991) tremolite samples. Except for the Korea tremolite, the aspect ratio distributions for all of the tremolite samples are very similar, with median aspect ratios of approximately 4.0-4.5. The Korea tremolite is quite different, with a median aspect ratio of approximately 7.5.
The number of EMPs of lengths ≤5 μm implanted into each animal in the Davis et al. (1991) experiments, compared with the number of EMPs longer than 5 μm are shown in Table 2 . The number of EMPs ≤5 μm implanted into the animals far exceeded the number of EMPs longer than 5 μm, by factors up to 84.5. The short/long EMP ratio for the tremolite from Korea was much lower (7.76). Fig. 16 shows the concentrations of EMPs with lengths ≤5 μm that were implanted into the animals, plotted against the corresponding mesothelioma frequencies observed by Davis et al. (1991) . The horizontal error bars are the Poisson 95% confidence intervals for the particle counts. The number of EMPs ≤5 μm implanted was marginally lower for the Ala di Stura tremolite than for the Shinness and Carr Brae tremolites. It would be difficult to argue that a decrease in the number of implanted EMPs could result in an increase of the mesothelioma frequency from 5.6% to 66.7%. Even if this negative correlation is disregarded, implantation of approximately 3 × 10 9 EMPs of lengths ≤5 μm corresponds to observation of 5.6% mesotheliomas for Shinness tremolite, and 97.2% mesotheliomas for Swansea tremolite, even though the length distributions (Fig. 14) and the aspect ratio distributions (Fig. 15 ) of the EMPs of lengths ≤5 μm in both tremolite samples are almost identical. This evaluation of the concentrations of EMPs of lengths ≤5 μm in the Davis et al. (1991) animal studies indicates that these short EMPs have negligible impact on the observed mesothelioma frequencies; a result that is consistent with the work of Berman et al. (1995) . The higher concentrations of EMPs of lengths ≤5 μm for the Jamestown and Korea tremolites, shown in Fig. 16 , correspond to the over-dosage of EMPs > 5 μm for these two materials that was commented on by Davis et al. (1991) and discussed earlier.
Summary -amphiboles
The protocol developed on the basis of evaluation of the aspect ratio vs. width distributions for respirable amphibole EMPs > 5 μm appears to offer a means by which amphibole minerals can be assessed for their potential to produce mesothelioma by implantation in animals. The Fig. 16 . Number of EMPs ≤5 μm in length implanted vs. mesothelioma frequencies observed by Davis et al. (1991) .
protocol was tested on amphibole minerals from three different environmental/occupational situations for which peer-reviewed epidemiological data (Libby and Homestake) or risk modelling (Sparta -New Jersey Department of Environmental Protection) was available, and it was found to predict accurately whether the amphibole involved in each of these situations was likely to present a mesothelioma risk. Only the EMPs that have dimensions outside of the range for non-asbestiform amphibole (extra-criteria EMPs) need be measured to make this determination. From a practical analytical standpoint, the instructions to a TEM analyst could be to record measurements for only respirablesized EMPs (those with widths lower than 3 μm) with aspect ratios exceeding 20:1. This measurement would include all of the EMPs relevant to the objective. With respect to the biological effects of short amphibole EMPs with lengths up to 5 μm, additional measurements on the six tremolite samples used in the Davis et al. (1991) experiments demonstrate that an increase of the mesothelioma frequency from 5.6% to 66.7% was accompanied by a reduction in the number of these short EMPs that were implanted into each of the animals. This indicates that EMPs ≤5 μm in length have no role in the production of mesothelioma in the Davis et al. (1991) experiments. Given the fact that the EMPs ≤5 μm outnumber the EMPs > 5 μm by a factor of up to 84.5, it is questionable whether expenditure of effort to measure the short EMPs will produce data relevant to potential health effects; efforts to do this would certainly compromise the quality of data for the longer EMPs.
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